The renin-angiotensin system (RAS) plays a key role in renal development and injury and in cardiovascular diseases.[@B1-6879; @B2-6879; @B3-6879] Angiotensin 1--8 (ANG II) acting via the angiotensin type 1 receptor (AT~1~) mediates both hemodynamic and direct cellular effects that contribute to the progression of chronic kidney disease, including diabetic nephropathy.[@B1-6879; @B4-6879; @B5-6879; @B6-6879; @B7-6879; @B8-6879; @B9-6879] Classically, activation of RAS leads to the generation of ANG II in two stages: first, the protease renin generates angiotensin 1--10 (ANG I) from angiotensinogen, and then the dicarboxypeptidase angiotensin-converting enzyme (ACE) cleaves two amino acids from the C terminus of ANG I to yield ANG II. This pathway for the production of ANG II peptide from its precursor, angiotensinogen, has been challenged by the discovery and characterization of other enzymes that process angiotensin peptides.[@B3-6879; @B10-6879; @B11-6879] The recent discovery of a homologue of the ACE gene, ACE2, is one such example. ACE2 is a mono-carboxypeptidase that generates angiotensin 1--9 (ANG 1--9) from ANG I and angiotensin 1--7 (ANG 1--7) from ANG II with a catalytic efficiency that is 400-fold higher with ANG II as a substrate than with ANG I.[@B10-6879; @B12-6879]

The predicted sum effect of ACE2 on angiotensin peptide processing is to shift the balance of production away from ANG II toward ANG 1--7, which is a physiological antagonist of ANG II, at least in part by interacting with the G-protein-coupled receptor *mas*.[@B13-6879; @B14-6879] ACE2 acts as an endogenous ACE inhibitor by altering the relative generation of ANG II and ANG 1--7 and an important determinant of injury mediated by activation of RAS.[@B3-6879] In addition to its peptidase action, ACE2 is also a functional receptor for SARS coronavirus.[@B10-6879; @B15-6879] ACE2 is highly expressed in the heart and kidney. Deletion of the ACE2 gene leads to a cardiac phenotype that is characterized by impaired cardiac contractility and ventricular dilatation.[@B3-6879; @B16-6879] Interestingly, this cardiac phenotype is associated with increased tissue levels of ANG I and ANG II and is rescued by deletion of the ACE gene. Renal ACE2 expression is decreased in hypertensive[@B16-6879] and diabetic[@B17-6879] rodent models. Deletion of the ACE2 gene is also associated with an increase in plasma and kidney ANG I and ANG II levels,[@B16-6879] but the critical role of ACE2 in renal disease remains unexplored. To assess the role of ACE2 in kidney disease, we investigated the impact of ACE2 deletion on kidney structure and function in male and female ACE2 mutant (*ACE2*^−/−^) mice, and we treated a third group of male ACE2 mutant (*ACE2*^−/*y*^) mice with an ANG II receptor antagonist to test the hypothesis that deletion of the ACE2 gene would be associated with the development of ANG II-dependent glomerular injury. Our data establish that loss of *ACE2* is associated with the development of gender-specific and age-dependent glomerular injury in male *ACE2* mutant mice and that the glomerular injury is mediated by ANG II.

Materials and Methods
=====================

Experimental Animals and Protocols
----------------------------------

Male and female mice were generated as previously described[@B16-6879] and used in accordance with the standards of the Canadian Council on Animal Care. ACE2 mutant mice were treated with the specific AT~1~ blocker irbesartan (kindly provided by Dr. J. Froehlich from Bristol-Myers Squibb) in the drinking water to obtain a dose of 50 mg/kg/day. Treatment was initiated at 9 to 10 weeks of age and maintained until 1 year of age. Water intake was monitored twice weekly to ensure adequate dosing.

Histopathology and Electron Microscopy
--------------------------------------

Kidneys from wild-type littermate (*ACE2*^+/*y*^) and male (*ACE2*^−/*y*^) and female (*ACE2*^−/−^) mutant mice were dissected under anesthesia and immediately either snap-frozen or placed into 4% neutral buffered formalin for 24 hours. All formalin-fixed, paraffin-embedded kidneys were stained with periodic acid Schiff (PAS) reaction and Picric Sirius Red and examined by light microscopy. In addition, 10-μm-thick sections stained with Picric Sirius Red were examined by immunofluorescence microscopy. Glomerulosclerosis scores were assessed by A.M.H. and J.W.S. by assessing approximately 100 glomeruli in a PAS-stained renal cross-section. Each glomerulus was scored from 0 to 4 assessing a score of 0 or 1 depending on whether sclerosis was absent or present, respectively, in each glomerular quadrant. For electron microscopy, kidneys were fixed in buffered 1% glutaraldehyde-4% formaldehyde, postfixed in 1% osmium tetroxide, and embedded in Epon-araldite. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope (1200 EX-II; Jeol, Peabody, MA).

Biochemical and Blood Pressure Measurements
-------------------------------------------

Blood samples were collected from anesthetized mice after administration of 0.1 ml of 1000 IU/ml heparin (1:1 with normal saline) intraperitoneally, and 200 μl of plasma was used for measurement of pH, lactate, Na^+^, K^+^, Cl^−^, ionized calcium (Ca^2+^), and glucose using a Stat Profile M7 Analyzer (Nova Biomedical Corp., Waltham, MA). Plasma osmolality was measured using a microosmometer (Model 3MO; Advanced Instruments, Norwood, MA) based on the freezing point depression method. Mice were fasted overnight for 15 hours while allowing free access to water. Blood glucose levels were measured using an Elite glucose meter (Lifescan, Toronto, ON, Canada) using blood samples obtained from the tail vein in conscious mice. Plasma and kidney ANG 1--7 levels were determined as previously described.[@B13-6879; @B16-6879] For the measurement of tissue aldehydes, kidney samples (100 mg) were ground into a powder in liquid nitrogen and suspended in 0.5 ml of deionized filtered water with \[ethylenebis (oxyethylenenitrilo)\]tetraacetic acid (EGTA, 400 μmol/L; a Ca^2+^ and iron chelator), butylated hydroxytoluene (20 μmol/L; a lipid peroxidation blocker), and deferoxamine (20 μmol/L; an iron chelator). Samples were analyzed by capillary-column gas chromatography-negative ion chemical ionization mass spectrometry as previously described.[@B18-6879] Blood pressure measurements were made in mice anesthetized with isoflurane/oxygen (1%/99%). The right common carotid was cannulated using a 1.4 French catheter (Millar Inc., Houston, TX), which was advanced into the proximal aorta for blood pressure measurements. Pressure recordings were filtered at 200 Hz and sampled at 2 kHz (Acq 3.73; BioPac Systems Inc., Goleta, CA).

Immunohistochemistry
--------------------

Formalin-fixed, paraffin-embedded sections were used for all immunohistochemical analysis from mouse kidneys. Heat-induced antigen retrieval was used for all antibodies. Endogenous peroxidase activity was prevented by pretreating all sections with 3% hydrogen peroxide. The primary antibodies and dilutions used in this study are as follows: anti-collagen I (1:20; Cedarlane, Hornby, ON), anti-collagen III (1:50; Cedarlane), anti-fibronectin (1:1000; BD Transduction, San Diego, CA), anti-α-smooth muscle actin (1:200, Dako, Carpinteria, CA), anti-phospho ERK1/2 (1:800, Cell Signaling Technology, Beverly, MA), and anti-AT~1~ receptor (1:1000, Cedarlane). With the exception of phospho-ERK1/2 staining, all immunohistochemistry was analyzed by light microscopy using Image Pro Plus (Media Cybernetics, Crofton, MA) computer image analysis software to analyze brown staining pixel density. Glomerular cells staining positively with anti-p-ERK1/2 antibody were manually counted in ∼100 glomeruli per animal. Negative controls with no primary antibody added were performed for all immunohistochemical staining.

Glomerular Morphometry
----------------------

Glomerular basement membrane thickness was measured by calculating the harmonic mean of 50 orthogonal intercepts of the lamina densa in four glomeruli per mouse in ultrathin tissue sections stained with uranyl acetate and lead citrate and examined with a Jeol 1200 EX-II transmission electron microscope (*n* = 4 in each group). The glomerular tuft area was measured using Image Pro Plus 5.0 (Media Cybernetics) image analysis software. Seventy-five consecutive glomeruli in a single 2-μm PAS mouse kidney section from each mouse were measured to derive a mean glomerular tuft area (*n* = 6 in each group). Each glomerulus was digitally photographed, and the glomerular tuft circumference was traced. The software subsequently calculated the area (square microns) of the outlined glomerular tuft.

Urine Protein Electrophoresis
-----------------------------

Urine protein detection was performed using the sodium dodecyl sulfate-polyacrylamide gel electrophoresis technique. Urine samples (25 μl) were run on an 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 110 V for 80 minutes. The gel was then stained with low toxicity staining solution (0.1% Coomassie Blue, 10% acetic acid, 40% ethanol) for 2 hours and destained (4% ethanol and 1% acetic acid) for 3 hours at room temperature.

Real-Time RT-PCR
----------------

Kidney samples from mice were snap frozen in liquid nitrogen and later dissected into the cortex, medulla, and papillae using an RNA-stabilizing solution (RNA*later*; Ambion Inc., Austin TX) at −10°C under microscopic visualization. Renal cortical RNA expression levels for the genes reported in this study were quantified by real-time TaqMan PCR using a sequence detection system (Prism 7700; Applied Biosystems Inc., Foster City, CA) as described previously.[@B19-6879] Briefly, 1 μg of total RNA was reverse-transcribed using random hexamers. TaqMan reactions were performed in 96-well plates using 0.5% cDNA, 12.5 μl of 2× TaqMan Universal PCR Mastermix, 100 μmol/L probe, and 200 μmol/L of each primer and water to a final volume of 25 μl. 18S rRNA was used as an endogenous control, and primers and probe are indicated in [Table 1](#T1-6879){ref-type="table"}.

Results
=======

Development of Glomerulosclerosis in ACE2 Mutant Mice
-----------------------------------------------------

The kidneys of young (3-month-old) ACE2 mutant (*ACE2*^−/*y*^) mice showed no gross abnormalities and normal architecture of the cortex and medulla, comparable to littermate and age-matched wild-type (*ACE2*^+/*y*^) mice [(Figure 1a)](#F1-6879){ref-type="fig"}. Morphologically, renal development appeared normal with normal renal arteries, veins, ureters, and normal kidney/body weights (8.14 ± 0.21 vs. 8.21 ± 0.17 mg/g; *n* = 8; *P* = 0.56). Glomeruli appeared developmentally normal and showed no glomerulosclerosis [(Figure 1b)](#F1-6879){ref-type="fig"}. Consistent with the paucity of renal morphological abnormalities, littermate *ACE2*^−/*y*^ and *ACE2*^+/*y*^ mice had normal renal function, electrolytes, and plasma glucose values [(Table 2)](#T2-6879 T2A-6879){ref-type="table"}. However, electron microscopy of 3-month-old *ACE2*^−/*y*^ mice showed evidence of mesangial injury with small foci of fibrillar collagen deposition suggestive of an early disease process [(Figure 1c)](#F1-6879){ref-type="fig"}. Because the progression of heart disease in ACE2 mutant mice is age-dependent,[@B16-6879] we decided to study older animals.

In contrast to 3-month-old mice, 1-year-old male ACE2 mutant mice showed significant acquired glomerular abnormalities [(Figure 2)](#F2-6879){ref-type="fig"}. The kidneys appeared grossly normal and comparable to those of age-matched wild-type mice with intact cortical, medullary, and hilar architecture [(Figure 2a)](#F2-6879){ref-type="fig"} and normal kidney/body weight ratio (6.56 ± 0.15 vs. 6.44 ± 0.22 mg/g; *n* = 8; *P* = 0.39). Light microscopic examination revealed diffuse glomerulosclerosis [(Figure 2b)](#F2-6879){ref-type="fig"}. In 1-year-old female *ACE2*^−/−^ mice (*n* = 8), glomeruli were unremarkable with no evidence of glomerulosclerosis ([Figure 2b](#F2-6879){ref-type="fig"}, far right panel). Semiquantitative assessment of four quadrant glomerulosclerosis by two of the authors (A.M.H. and J.W.S.) blinded to the mouse genotype, showed a significantly increased glomerulosclerosis score in 1-year-old male ACE2 mutant mice (*P* \< 0.01; [Figure 2c](#F2-6879){ref-type="fig"}). Values for glomerular tuft areas were similar in male *ACE2*^−/*y*^ mice and male *ACE2*^+/*y*^ mice (5290 ± 170 vs. 4931 ± 153 μm^2^, *P* \> 0.05). Measures of glomerular basement membrane thickness were also similar in male *ACE2*^−/y^ mice and male *ACE2*^+/*y*^ mice (171 ± 23 vs. 163 ± 19 nm, *P* \> 0.05).

There was a range of glomerular abnormalities by light microscopy involving the mesangium, capillary loops, and glomerular hila [(Figure 3a)](#F3-6879){ref-type="fig"}. There was widespread segmental capillary loop hyalinosis and foci of mesangial expansion ([Figure 3a](#F3-6879){ref-type="fig"}, first panel) with capillary loop microaneurysms ([Figure 3a](#F3-6879){ref-type="fig"}, second panel), suggestive of a loss of glomerular basement membrane anchoring points to the mesangium due to mesangiolysis. Focal glomerulosclerosis was also present in the form of segmental obliteration of capillary loops by extracellular matrix ([Figure 3a](#F3-6879){ref-type="fig"}, third panel). Several glomerular hila showed hyaline arteriolosclerosis not present in extraglomerular arterioles ([Figure 3a](#F3-6879){ref-type="fig"}, fourth panel).

Electron microscopy showed widespread mesangial expansion due to an increase in extracellular matrix and mesangial hypercellularity [(Figure 3b)](#F3-6879){ref-type="fig"}. Ultrastructural evidence of mesangial injury included the development of a fusiform appearance of mesangial cells, which contained striated microfilaments and resembled a smooth-muscle cell phenotype.[@B20-6879; @B21-6879] There was also evidence of widespread mesangial fibrillar collagen deposition. Glomerular basement membranes had normal thickness, and there were no immune complex deposits. To determine whether there were alterations in renal function accompanying the histological abnormalities in 12-month-old *ACE2* ^−/y^ mice, urine protein electrophoresis and serum biochemical analyses were performed. Albumin was detected in urine samples from *ACE2*^−/y^ mice (*n* = 4) but not in urine from *ACE2*^+/y^ mice (*n* = 3, [Figure 3c](#F3-6879){ref-type="fig"}). Serum biochemistry in 12-month-old *ACE2*^+/*y*^ (*n* = 7) and *ACE2*^−/*y*^ (*n* = 7) mice revealed normal electrolytes, urea, creatinine, and random plasma glucose, indicating the absence of renal insufficiency [(Table 2)](#T2-6879 T2A-6879){ref-type="table"}.

To further characterize the mesangial injury, immunohistochemical studies were performed on 1-year-old *ACE2*^−/*y*^ (*n* = 4) and *ACE2*^+/*y*^ (*n* = 4) mouse kidneys [(Figure 4)](#F4-6879){ref-type="fig"}. Immunohistochemical staining was quantified by computerized image analysis. There was a fivefold increase in collagen I staining [(Figure 4a)](#F4-6879){ref-type="fig"} and a sixfold increase in collagen III staining [(Figure 4b)](#F4-6879){ref-type="fig"} in the glomeruli of ACE2 mutant mice. In addition, there was a threefold increase in glomerular staining for fibronectin [(Figure 4c)](#F4-6879){ref-type="fig"} and a threefold increase for α-smooth muscle actin [(Figure 4d)](#F4-6879){ref-type="fig"} in *ACE2*^−/*y*^ mice compared with *ACE2*^+/*y*^ mice. To exclude secondary causes of glomerular changes, we investigated whether these mice were diabetic or hypertensive. Fasting blood glucose was similar in age-matched littermate *ACE2*^−/*y*^ (*n* = 5) and *ACE2*^+/*y*^-mice (*n* = 5) (5.53 ± 0.44 vs. 6.11 ± 0.28 mmol/L; *P* = 0.34). Consistent with our previous findings,[@B16-6879] mean systemic blood pressure was lower in 1-year-old *ACE2*^−/*y*^ mice (*n* = 6) compared with *ACE2*^+/*y*^ mice (*n* = 6) (78.9 ± 2.9 vs. 102.6 ± 2.5 mmHg, *P* \< 0.01), whereas heart rate was similar in both groups of mice (508 ± 8 vs. 520 ± 11 beats per minute, *P* = 0.41). These observations established that the primary glomerular changes in male ACE2 mutant mice are not related to systemic elevation in blood pressure or blood glucose.

AT~1~ Receptor Blockade Prevents Glomerulosclerosis
---------------------------------------------------

These glomerular changes in the setting of chronic elevation of plasma and renal ANG II levels in the ACE2 mutant mice suggest that ACE-generated ANG II plays a key pathophysiological role.[@B16-6879] Therefore, we examined the kidneys of the *ACE*^−/−^/*ACE2*^−/*y*^ double mutant mice. In contrast to the cardiac phenotype,[@B16-6879] the kidneys showed markedly abnormal features [(Figure 5)](#F5-6879){ref-type="fig"}. The cortices and medulla of these double mutant mice were thinned, and the renal calyces were cystically dilated with widespread interstitial fibrosis, accompanied by interstitial lymphocytic infiltrates and abnormally appearing glomeruli with small and incomplete capillary loops within a loose extracellular matrix. These profound abnormalities precluded the use of this model to test whether the renal phenotype in ACE2 mutant mice was ANG II-dependent. Instead, we treated *ACE2*^−/*y*^ mice with the AT~1~ blocker (ARB) irbesartan for 10 months. The mean arterial blood pressure was 101.4 ± 4.6 mmHg in the *ACE2*^+/*y*^ mice, whereas mean arterial blood pressure values were lower in both the *ACE2*^−/*y*^ mice and *ACE2*^−/*y*^ mice treated with irbesartan (83.8 ± 6.2 and 77.2 ± 5.6 mmHg, respectively, *P* \< 0.05 vs. the *ACE2*^+/*y*^ mice). The 1-year-old ARB-treated *ACE2*^−/*y*^ mice showed no gross renal abnormalities and showed normal cortical, medullary, and vascular architecture [(Figure 6, a--c)](#F6-6879){ref-type="fig"}. Glomeruli in the treated mice appeared normal, comparable to 1-year-old placebo-treated *ACE2*^+/*y*^ wild-type mice [(Figure 6a)](#F6-6879){ref-type="fig"} and markedly different from placebo-treated *ACE2*^−/*y*^ mice which showed diffuse glomerulosclerosis [(Figure 6b)](#F6-6879){ref-type="fig"}. AT~1~ blockade prevented glomerulosclerosis, hyalinosis, capillary microaneurysms, mesangial expansion, or glomerular arteriolar hyalinosis [(Figure 6c)](#F6-6879){ref-type="fig"}. The semiquantitative glomerulosclerosis score was normalized in the ARB-treated ACE2 mutant mice [(Figure 6d)](#F6-6879){ref-type="fig"}, and there was complete resolution of the albuminuria [(Figure 6e)](#F6-6879){ref-type="fig"}.

ANG II-dependent glomerular injury is mediated by oxidative stress and involves activation of several downstream signaling domains, including the mitogen-activated protein kinase pathway.[@B22-6879; @B23-6879] To investigate whether reactive oxygen species (ROS) could be effectors of glomerular injury, analyses of lipid peroxidation products, hexanal [(Figure 7a)](#F7-6879){ref-type="fig"}, malondialdehyde [(Figure 7b)](#F7-6879){ref-type="fig"}, and hydroxynonenal [(Figure 7c)](#F7-6879){ref-type="fig"}, were performed. Male ACE2 mutant mice showed significantly higher levels of aldehydes in their kidneys compared to age-matched wild-type controls (*n* = 6). These levels were normalized in the ARB-treated *ACE2*^−/*y*^ mice (*n* = 8) to levels comparable to wild-type control mice. The measures of lipid peroxidation products in the kidneys of female *ACE2*^+/+^ and *ACE2*^−/−^ mice were also comparable to wild-type control male mice [(Figure 7, a--c)](#F7-6879){ref-type="fig"}. Immunohistochemical staining for the mitogen-activated protein kinase, phospho-extracellular signal-regulated kinase (ERK)1/2, showed a normal distribution of phospho-ERK1/2-positive nuclei in the epithelial cells of distal tubules and collecting ducts (data not shown). However, glomeruli of *ACE2*^−/*y*^ mice showed a significantly higher number of phospho-ERK1/2-positive nuclei compared to wild-type mice, which was prevented by treatment with ARB [(Figure 8a)](#F8-6879){ref-type="fig"}. The number of phospho-ERK1/2-positive nuclei in the glomeruli of female *ACE2*^−/−^ mice was similar to the wild-type male mice [(Figure 8, a and b)](#F8-6879){ref-type="fig"}. Quantitative manual scoring of phospho-ERK1/2-positive nuclei per glomerulus confirmed these findings in all three groups [(Figure 8b)](#F8-6879){ref-type="fig"}. Thus, loss of ACE2 in male mice leads to an ANG II-dependent increase in oxidative stress and activation of mitogen-activated protein kinase in the kidneys of male ACE2 mutant mice.

We hypothesized that, in response to elevated renal and systemic ANG II levels in ACE2 mutant mice, there was compensatory down-regulation of ANG II receptors and ACE expression. We performed TaqMan real-time RT-PCR of 1-year-old *ACE2*^−/*y*^ (*n* = 8), *ACE2*^+/y^ (*n* = 8), and ARB-treated *ACE2*^−/*y*^ (*n* = 8) mouse renal cortex mRNA for AT~1~, the ANG II type-2 receptor (AT~2~), and ACE. There was decreased expression of kidney AT~1~ [(Figure 9a)](#F9-6879){ref-type="fig"} in the *ACE2*^−/*y*^ mice compared to the *ACE2*^+/*y*^ mice but no change in kidney AT~2~ expression [(Figure 9b)](#F9-6879){ref-type="fig"}. AT1 expression was normalized by ARB treatment [(Figure 9a)](#F9-6879){ref-type="fig"}. Kidney ACE mRNA [(Figure 9c)](#F9-6879){ref-type="fig"} was also decreased in *ACE2*^−/*y*^ mice compared to *ACE2*^+/*y*^ wild-type controls and normalized by ARB treatment. AT~1~ receptor protein expression by immunohistochemical analysis was also reduced in *ACE2*^−/*y*^ compared to *ACE2*^+/*y*^ mice [(Figure 9, d and e)](#F9-6879){ref-type="fig"}.

Discussion
==========

The RAS and the generation of angiotensin peptides are critically important for the maintenance of renal and cardiovascular structure and function and play a key role in the pathophysiology of kidney and cardiovascular diseases.[@B1-6879; @B2-6879; @B3-6879; @B9-6879; @B24-6879] In clinical studies, blockade of RAS by ACE inhibition or angiotensin receptor blockade limits the progression of chronic kidney disease, especially when the kidney disease is associated with proteinuria.[@B1-6879; @B4-6879; @B5-6879; @B6-6879; @B7-6879; @B8-6879; @B9-6879] In addition to the glomerular injury, interstitial fibrosis is a main determinant of the progression of renal damage in patients with nephropathies.[@B25-6879; @B26-6879; @B27-6879] ANG II interacts with a cognate receptor on cell surfaces to influence functions as diverse as vascular contractility, hemodynamic forces, cellular transport, hypertrophy, growth factor synthesis, generation of ROS, and gene expression. ACE2 is a membrane-bound monocarboxypeptidase that converts ANG I to ANG 1--9 and ANG II to ANG 1--7, thereby functioning effectively as an endogenous ACE inhibitor,[@B10-6879; @B12-6879] as shown in the setting of cardiovascular disease.[@B3-6879; @B16-6879] We have reported that plasma and kidney ANG I and ANG II levels are increased in *ACE2*^−/*y*^ compared to *ACE2*^+/*y*^ mice, and this observation provided the rationale for the current studies.[@B16-6879]

Our first major observation was that loss of ACE2 in male mice leads to the age-dependent development of glomerular mesangial expansion with increased deposition of fibrillar collagens I/III and the extracellular matrix protein fibronectin. The emergence of a contractile-like, smooth muscle cell phenotype in the glomerular mesangial cells was associated with increased expression of α-smooth muscle actin. Glomerular vascular injury was limited to the microvasculature of the glomerular capillary tuft and the preglomerular afferent arteriole with arteriolar hyalinosis and microaneurysm formation. The development of glomerulosclerosis was associated with impairment in the glomerular filtration barrier such that urinary albumin was detected in the male ACE2 mutant mice, but there was no biochemical evidence of azotemia, and creatinine values were similar in the ACE^+/*y*^ mice and ACE^−/y^ mice. These structural and functional glomerular abnormalities were not accompanied by diabetes mellitus or hypertension.

Our finding of late development of glomerulosclerosis in ACE2-null male mice differs from other studies of mice with gene deletions in RAS. For example, kidneys of 3-week-old angiotensinogen knockout mice (*Agt*^−/−^) had substantially smaller glomerular tufts, tubular dilatation, arterial wall thickening, atrophic papillae, hyperplasia of the interlobular arteries and afferent arterioles, interstitial fibrosis, renal lesions, and mesangial expansion.[@B28-6879] When human renin (R) and angiotensinogen (A) transgenes were inserted into *Agt*^−/−^ mice, *R*^−^*A*^−^*Agt*^−/−^ mice presented with the same kidney injury as *Agt*^−/−^ mice by 3 to 5 months, whereas *R*^+^*A*^+^*Agt*^−/−^ mice possessed a rescued phenotype, except for rare mild focal regions of fibrosis.[@B29-6879] Krege and coworkers[@B30-6879] reported that the kidneys were abnormal in *ACE*^−/−^ mice. Intrarenal arteries exhibited a marked hypercellularity and increased wall thickness, and these vascular abnormalities were associated with cortical atrophy and interstitial inflammation, changes similar to the findings in *Agt*^−/−^ mice.[@B30-6879] Mice lacking the AT~1A~ receptor (*Agtr1a*^−/−^) and AT~1B~ receptor (*Agtr1b*^−/−^) (ie, double nullizygotes (*Agtr1a*^−/−^ and *Agtr1b*^−/−^)) had multiple structural and functional renal abnormalities: atrophied papillae, severely thickened arterial walls, areas of cortical interstitial inflammation, fibrosis, tubular atrophy, and medial hyperplasia of the interlobular arteries and afferent arterioles.[@B31-6879; @B32-6879] Increasing copies of the ACE gene in 6-month-old mice were positively correlated with urinary albumin excretion but not with any structural injury.[@B33-6879] To determine the mechanism responsible for the development of glomerulosclerosis, we first studied double mutant (*ACE*^−/−^/*ACE2*^−/y^) mice. We have previously reported that the postnatal cardiac phenotype is rescued in the double mutant (*ACE*^−/−^/*ACE2*^−/*y*^) mice and appears similar to the ACE mutant mice.[@B16-6879] In the current study, we found that the kidneys of the *ACE*^−/−^/*ACE2*^−/*y*^ mice were markedly abnormal with findings that were similar to those described in *ACE*^−/−^ mice[@B30-6879; @B34-6879] and angiotensinogen[@B28-6879] mutant mice. These findings clearly support a critical role for ANG II in the maintenance of normal kidney structure.[@B16-6879; @B28-6879; @B30-6879; @B31-6879]

In contrast to our observations in male mice, female ACE2 mutant mice did not show glomerular injury. Gender is an important determinant of kidney disease progression, but the one or more mechanisms responsible for the protective effect of female gender on kidney disease have not been fully elucidated.[@B35-6879] Our finding is consistent with the potent ability of estrogens to antagonize the pathological effects of ANG II in animal models[@B36-6879; @B37-6879] and patients.[@B35-6879; @B38-6879; @B39-6879] The biological effect of estrogen on kidney has also been the focus of a number of investigations.[@B37-6879; @B40-6879; @B41-6879; @B42-6879] The natural history of a number of experimental animal models of kidney disease is also influenced by gender or treatment with exogenous estrogen.[@B37-6879; @B42-6879] Cellular mechanisms that may play a role in gender protection include inhibition of transforming growth factor-β1-induced collagen gene expression[@B40-6879] and mechanical strain-induced mesangial cell signaling.[@B41-6879] Although we did not define the mechanism responsible for the protective effect of female gender in the current study, we did find that there was no increase in lipid peroxidation products in the kidneys of *ACE2*^−/−^ female compared to *ACE2*^+/+^ female mice. In this regard, Baumer and coworkers[@B43-6879] reported that treatment with a selective estrogen receptor modulator can reduce ANG II-induced oxidative stress in vascular smooth muscle cells. Estrogen treatment also reduces oxidative stress in hepatic stellate cells due to suppression of NADPH oxidase activity.[@B44-6879] Accordingly, an estrogen-mediated effect on oxidative stress may be responsible for the gender effect that we observed, but further studies will be necessary to determine whether this is the case.

In addition, we found that there was no increase in the number of phospho-ERK-positive cells in the glomeruli of *ACE2*^−/−^ female compared to *ACE2*^+/*y*^ male mice. This may have been due to the attenuation in oxidative stress in the kidneys of the *ACE2*^−/−^ female mice. However, estrogen can also attenuate ANG II-induced activation of ERK in vascular smooth muscle cells by activating intracellular phosphatases like mitogen-activated protein kinase phosphatase-1.[@B45-6879] Moreover, we have reported that estrogen can attenuate mechanical strain-induced ERK activation in glomerular mesangial cells.[@B41-6879] Taken together, these studies suggest that both the direct (cellular) and indirect (hemodynamic) effects of ANG II on activation of ERK in the glomerulus can be attenuated by estrogen perhaps accounting, at least in part, for the gender protection that we observed in the *ACE2*^−/−^ female mice. However, the discrepancy in renal injury between male and female ACE2 mutant mice may not be due to an interaction between angiotensin II and estrogen. Further studies will be necessary to more fully define the mechanism(s) responsible for the gender protection that we observed.

We hypothesize that the link between deletion of ACE2 gene and renal injury is the chronic exposure to increased circulating and tissue ANG II levels.[@B16-6879] In accordance with this hypothesis, Lautrette and co-workers[@B46-6879] have recently reported that ANG II infusion leads to glomerular injury (and tubulointerstitial injury) in mice. Rats are much more sensitive to the effects of ANG II infusion than mice, and kidney injury is evident within 14 days.[@B21-6879] Moreover, ANG II type 1 receptor blocker prevented glomerular injury and development of glomerulosclerosis and albuminuria in ACE2 male mutant mice. ANG II activates NADPH oxidase in vascular smooth muscle cells and mesangial cells and the subsequent generation of ROS, such as superoxide (O~2~).[@B23-6879; @B47-6879; @B48-6879] ANG II and ROS play an important role in cellular signaling and the activation of gene expression, including genes of extracellular matrix proteins like collagens and fibronectin via transforming growth factor-β- and NFκB-mediated gene expression.[@B49-6879; @B50-6879; @B51-6879] ANG II-induced activation of the mitogen-activated protein kinase-signaling molecule ERK1/2 is mediated, at least in part, by the *trans-*activation of the epidermal growth factor receptor in a ROS-dependent manner.[@B22-6879] Accordingly, aldehydes, which are lipid peroxidation products and sensitive indicators of oxidative stress,[@B18-6879; @B52-6879] were increased in the kidneys from ACE2 mutant mice consistent with an increase in the generation of ROS. Increased oxidative injury was associated with activation of glomerular ERK1/2 leading to accumulation of extracellular matrix in the glomerular capillary tuft. Increase in glomerular α-smooth muscle actin occurs in response to cellular injury to the glomeruli[@B20-6879] and can be recapitulated by infusion of ANG II.[@B21-6879] The critical role of ANG II in mediating these changes was confirmed by complete blockade of ROS formation, phospho-ERK1/2 nuclear staining and α-smooth muscle actin formation by treatment with the AT~1~ blocker irbesartan. Taken together, this data support the hypothesis that ANG II-induced generation of ROS is responsible for the glomerular injury in male ACE2 mutant mice.

Although the glomerular injury that developed in the male ACE2 mutant mice was ANG II-dependent, the mechanisms responsible for the increase in ANG II activity may be multifactorial. Similarly, we cannot discount the role of other ACE2 reaction products in the pathogenesis of renal injury. Increased circulating and kidney ANG II levels are evident by 3 months of age in ACE2 mutant mice,[@B16-6879] but by 3 months of age, the mice also exhibit contractile dysfunction. It is possible that the cardiac dysfunction was associated with systemic neurohumoral activation, including activation of the RAS. However, circulating ANG I levels in ACE2 mutant are not increased, suggesting a lack of secondary activation of the RAS.[@B16-6879] Interestingly, we did not observe glomerulosclerosis in female ACE2 mutant mice despite the fact that female mice developed contractile dysfunction,[@B16-6879] suggesting that the gender protection of the kidney occurred despite cardiac dysfunction and supporting, at least in part, a role for altered ANG peptide processing in the development of glomerulosclerosis in the male mice. In addition, normal plasma creatinine in the ACE2 mutant mice (see [Table 2](#T2-6879 T2A-6879){ref-type="table"}) indicates the absence of prerenal azotemia despite the development of glomerular injury.

The role of ACE2 in experimental and clinical kidney disease has not been fully elucidated, and the current data are conflicting. Renal ACE2 expression is decreased in hypertensive rat models.[@B16-6879] In experimental diabetes, Tikellis and coworkers[@B17-6879] have reported that ACE2 protein expression is localized mainly in kidney tubules and that the level of expression is decreased in the renal tubules of rats with streptozotocin-induced diabetes mellitus (measured at 24 weeks). In contrast, Ye and co-workers[@B53-6879] found that ACE2 expression was increased in the renal tubules of 8-week-old db/db mice compared to control db/m mice, and the authors speculated that the increase was an early protective response. Lely and coworkers[@B54-6879] studied ACE2 immunostaining in renal biopsies from 58 patients with primary and secondary renal diseases (including IgA glomerulopathy, minimal change nephropathy, diabetic nephropathy, focal glomerulosclerosis, and membranous glomerulopathy) and 18 normal renal biopsy samples. In normal kidneys, ACE2 was present in tubular cells, glomerular epithelial cells, vascular smooth muscle cells, and the endothelial cells of interlobular arteries. All of the primary and secondary renal diseases were associated with the de novo expression of ACE2 in glomerular and peritubular capillary endothelial cells, but further studies will be necessary to better define the possible protective role of ACE2 in human renal disease.

In summary, we report that deletion of the ACE2 gene in male mice is associated with a renal phenotype characterized by early fibrillar collagen deposition in the glomeruli and the eventual development of glomerulosclerosis. The glomerular injury is ANG II-dependent, whereas the renal vasculature and tubulointerstitium are relatively protected. These observations may have important implications for our understanding of the role of ACE2 in human kidney disease.

Address reprint requests to Gavin Y. Oudit, M.D., Ph.D., Rm. 68, 150 College St., Heart and Stroke/Richard Lewar Centre of Excellence, Fitzgerald Bldg., University of Toronto, Toronto M5S 3E2, Canada. [E-mail: gavin.oudit\@utoronto.ca.](mailto:E-mail: gavin.oudit@utoronto.ca.)

Supported by the Canadian Diabetes Association (grant 456770 to J.M.S., A.M.H., and G.Y.O.) and the Canadian Institute for Health Research New Emerging Team (grant 45723 to J.W.S. and A.M.H.). G.Y.O. is a clinician-scientist supported by the Heart and Stroke Foundation of Canada, Canadian Institute for Health Research and the TACTICS program. Z.K. is supported by the Heart and Stroke Foundation of Canada and a TACTICS post-doctoral fellowship. H.R. is supported by the Kidney Foundation of Canada (Biomedical Research Fellowship). J.M.P. is supported by the Institute for Molecular Biotechnology, Austrian Academy of Sciences, and the Austrian National Bank.

G.Y.O. and A.M.H. contributed equally to this study.

![Normal architecture in young (3-month-old) ACE2 mutant mice with early ultrastructural changes. **a:** Whole mount of *ACE2*^−/*y*^ mouse kidneys showing normal architecture (PAS, original magnification, ×16). **b:** *ACE2*^−/*y*^ glomeruli are normal by light microscopy, comparable to *ACE2*^+/*y*^ controls (PAS, original magnification, ×600). **c:** Electron microscopy shows early fibrillar collagen deposition (**arrow**) in the *ACE2*^−/*y*^ mice but not in wild-type controls (original magnification, ×4800).](zjh0060668790001){#F1-6879}

![Glomerulosclerosis in old (1-year) ACE2 mutant mice. **a:** Whole mount of *ACE2*^+/*y*^, *ACE2*^−/*y*^, and *ACE2*^−/−^ (female mutant mice) mouse kidneys show normal architecture (PAS, original magnification, ×16). **b:** *ACE2*^−/*y*^, but not *ACE2*^+/*y*^or *ACE2*^−/−^, glomeruli show glomerulosclerosis, segmental scarring, and hyalinosis (PAS, original magnification, ×600). **c:** Glomerulosclerosis scores of *ACE2*^+/*y*^, *ACE2*^−/*y*^, and *ACE2*^−/−^ mice (\**P* \< 0.01 vs. *ACE2*^+/*y*^ and *ACE2*^−/−^).](zjh0060668790002){#F2-6879}

![**a:** Survey of glomerular pathological changes in 1-year-old male ACE2 mutant mice. The mesangium (m) shows expansion and foci of mesangial hypercellularity. There are numerous foci of glomerular capillary hyalinosis (ch) and segmental capillary microaneurysm (cma) formation. Focal segmental glomerulosclerosis (fgs) is evident in the form of segmental scarring with adhesions. Evidence of arteriolar hyalinosis (ah) is present only at glomerular hila, with sparing of extraglomerular arterioles (art) (PAS, original magnifications, ×600 and ×400 last panel). **b:** Electron microscopy shows mesangial cell transition to a smooth muscle cell phenotype (**arrow**) and increased fibrillar collagen deposition (**arrowheads**) in an expanded mesangium (m) (original magnification, ×4800). **c:** Urine protein electrophoresis showing that glomerulosclerosis was associated with the development of albuminuria (**arrow**) in 1-year *ACE2*^−/*y*^ but not wild-type *ACE2*^+/*y*^ mice. Lane 1 shows molecular weight (MW) markers.](zjh0060668790003){#F3-6879}

![Glomerular immunohistochemical profile of 1-year-old *ACE2*^+/*y*^ and *ACE2*^−/*y*^ mice. Far right panel shows computer image analysis scores of glomerular immunostaining. **a:** Collagen I. **b:** Collagen III. **c:** Fibronectin. **d:** α-Smooth muscle actin. As expected arterioles exhibit positive α-smooth muscle actin staining (**arrows**) in both *ACE2*^+/*y*^and *ACE2*^−/*y*^ mice. Immunoperoxidase, original magnification, ×600 (**a--d**). \**P* \< 0.05 versus *ACE2*^+/*y*^.](zjh0060668790004){#F4-6879}

![Kidneys of *ACE*^−/−^/*ACE2*^−/*y*^ double mutant mice (*n* = 4). **a:** Whole mount of *ACE*^−/−^/*ACE2*^−/*y*^ mouse kidneys show abnormal renal architecture. There is cortical and medullary thinning, cystic dilatation of the renal calyx, and an abnormal papilla, possibly due to hydronephrosis. **b:** Glomeruli of *ACE*^−/−^/*ACE2*^−/*y*^ mouse are abnormal. Capillary loops are incomplete, small, and hyalinotic. The mesangium shows abnormal architecture characterized by a loose-appearing matrix. PAS stain, original magnifications, ×16 (**a**) and ×600 (**b**).](zjh0060668790005){#F5-6879}

![Treatment with the ARB irbesartan prevents development of glomerulosclerosis in ACE2 mutant mice. **a:** Whole mount of *ACE2*^+/*y*^ mouse kidney and glomerulus. **b:** *ACE2*^−/*y*^ mouse kidney, treated with placebo, showing normal gross architecture. The glomerulus shows segmental sclerosis, capillary hyalinosis, and capillary microaneurysm formation. **c:** ARB-treated *ACE2*^−/*y*^ mice (*ACE2*^−/*y*^ ARB) show normal gross architectural features and glomeruli, comparable to *ACE2*^+/*y*^ mice. **d:** Glomerulosclerosis scores: \**P* \< 0.05 vs. *ACE2*^−/*y*^ ARB. PAS stain, original magnifications, ×16 (whole mounts), ×600 (glomeruli) (**a--c**). **e:** Urine protein electrophoresis of *ACE2*^−/*y*^ ARB mice. There is no detectable albumin in the urine of the ARB-treated *ACE2*^−/*y*^ mice (lanes 1 to 5). Lane 6 shows molecular weight (MW) markers.](zjh0060668790006){#F6-6879}

![Kidney levels of the lipid peroxidation products, hexanal (**a**), malondialdehyde (**b**), and hydroxynonenal (**c**) in male *ACE2*^+/*y*^, male *ACE2*^−/*y*^, ARB-treated male *ACE2*^−/*y*^, female *ACE2*^+/+^, and female *ACE2*^−/−^ mice. \**P* \< 0.05 versus male *ACE2*^+/*y*^, ARB-treated male *ACE2*^−/*y*^, female *ACE2*^+/+^, and female *ACE2*^−/−^ mice.](zjh0060668790007){#F7-6879}

![Phospho-ERK1/2 immunohistochemistry of mouse glomeruli. **a:** Increased nuclear staining of phospho-ERK1/2 is observed in the male *ACE2*^−/*y*^ mouse glomerulus, compared to male *ACE2*^+/*y*^, ARB-treated male *ACE2*^−/*y*^, and female *ACE2*^−/−^ mouse glomeruli (magnification, ×600). **b:** Quantitative score of phospho-ERK1/2-positive nuclei per glomerular cross-section in the four groups of mice. \**P* \< 0.01 versus *ACE2*^+/*y*^, ARB-treated *ACE2*^−/*y*^, and female *ACE2*^−/−^ mice.](zjh0060668790008){#F8-6879}

![Renal expression of components of the RAS in *ACE2*^+/*y*^, *ACE2*^−/*y*^, and ARB-treated *ACE2*^−/*y*^ mice by real-time RT-PCR for AT~1~ (**a**), AT~2~ (**b**), and ACE (**c**). **d:** Immunohistochemical study of AT~1~ receptor protein expression in the renal cortex of male *ACE2*^+/*y*^ and male *ACE2*^−/*y*^ mice. **e:** Quantitative scoring of AT~1~ receptor expression (*P* \< 0.01 vs. *ACE2*^+/*y*^ mice).](zjh0060668790009){#F9-6879}

###### 

TaqMan Primer and Probe Sequences for TaqMan Real-Time RT-PCR Analysis

  ------- --------- ------------------------------------------
  AT~1~   Forward   5′-CCATTGTCCACCCGATGAAG-3′
          Reverse   5′-TGCAGGTGACTTTGGCCAC-3′
          Probe     5′-FAM-CTCGCCTCCGCCGCACGA-TAMRA-3′
  AT~2~   Forward   5′-CAGCAGCCGTCCTTTTGATAA-3′
          Reverse   5′-TTATCTGATGGTTTGTGTGAGCAA-3′
          Probe     5′-FAM-CAACTGGCACCAATGAGTCCGCCT-TAMRA-3′
  ACE     Forward   5′-TGAGAAAAGCACGGAGGTATCC-3′
          Reverse   5′-FAM-ACCCTGAAATATGGCACCCGGGC-TAMRA-3′
          Probe     5′-AGAGTTTTGAAAGTTGCTCACATCA-3′
  ------- --------- ------------------------------------------

###### 

Plasma Biochemistry in 3-Month and 12-Month-Old Mice

                            Age (months)   Na^+^ (mmol/L)   K^+^ (mmol/L)   Cl^−^ (mmol/L)   Ca^2+^ (mmol/L)
  ------------------------- -------------- ---------------- --------------- ---------------- -----------------
  *ACE2*^+/*y*^ (*n* = 7)   3              140.8 ± 1.8      5.04 ± 0.14     110 ± 1.2        1.11 ± 0.04
  *ACE2*^−/*y*^ (*n* = 7)   3              143 ± 1.7        5.48 ± 0.26     112.8 ± 1.2      1.14 ± 0.06
  *ACE2*^+/*y*^ (*n* = 7)   12             140.7 ± 2.1      5.13 ± 0.21     108 ± 1.4        1.15 ± 0.06
  *ACE2*^−/*y*^ (*n* = 7)   12             142.1 ± 2.3      5.3 ± 0.16      111 ± 2.2        1.18 ± 0.07

(*table continues*) 

  pH             Lactate (mmol/L)   Urea (mmol/L)   Cr (mmol/L)   Glucose (mmol/L)
  -------------- ------------------ --------------- ------------- ------------------
  7.49 ± 0.02    5.26 ± 0.62        8.15 ± 1.2      85 ± 9.2      8.54 ± 1.41
  7.46 ± 0.024   5.67 ± 0.65        8.41 ± 1.31     81 ± 10.4     8.73 ± 1.35
  7.47 ± 0.021   5.11 ± 0.68        8.87 ± 1.28     89 ± 9.3      8.15 ± 1.32
  7.51 ± 0.025   5.35 ± 0.71        9.03 ± 1.49     93 ± 8.7      8.23 ± 1.46

Values are mean ± SE; Cr = creatinine. 
